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ABSTRACT 
Three-dimensional compressible Direct Numerical Simulation (DNS) data of freely propagating 
statistically planar turbulent premixed flames has been used to assess the accuracy of the isotropy 
derived correction factors, which relate the two-dimensional projections of the different terms of 
the Reynolds averaged flame-surface density (FSD) transport equation with their corresponding 
actual three-dimensional counterparts for different values of Karlovitz number Ka , Lewis 
number Le , heat release parameter  , and turbulent Reynolds number tRe . It is shown that the 
isotropic distribution of the surface area weighted probability density function (pdf) of the angle 
  between the normal vectors on the measurement plane and on the flame surface provides a 
simple algebraic relation between the generalised FSDs evaluated in two and three dimensions 
(i.e. D2  and D3 ), irrespective of the values of LeKa ,,   and tRe . Isotropic relations between 
two-dimensional and three-dimensional counterparts of the surface-averaged curvature and the 
FSD propagation term are also found to work well for all the values of LeKa ,,   and tRe  
considered in this study. However, the relations between the value obtained from two-
dimensional projection and the actual three-dimensional value for the tangential strain rate and 
curvature terms in the FSD transport equation work well only for the high values of turbulent 
Reynolds number. The reasons behind the disagreement between the predictions of the relations 
derived based on isotropy arguments for both the tangential strain rate and curvature terms of the 
FSD transport equation are explained in detail. It is found that the threshold value of tRe  above 
which the assumption of isotropy yields an accurate relation between two-dimensional projection 
and three-dimensional values for the tangential strain rate and curvature terms of the FSD 
transport equation depends on the values of heat release parameter, Lewis number and the 
regime of the prevailing combustion process.   
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I. INTRODUCTION 
The Flame Surface Density (FSD) based reaction rate closure is one of the most popular 
approaches in turbulent premixed combustion modelling. This methodology is well-established 
in the context of Reynolds Averaged Navier Stokes (RANS) modelling1-3 and in recent times this 
closure technique has been extended for Large Eddy Simulations (LES) of turbulent premixed 
flames.4-11 The statistics of FSD and the various terms of its transport equation have been 
extensively studied using Direct Numerical Simulations (DNS)4,9-14 and experimental 
measurements.15-29 There have been many studies on experimental measurements of FSD and a 
detailed discussion is provided in the review paper by Driscoll.17 In most experimental 
measurements, the flame location and structure are identified by Rayleigh scattering, Planar 
Laser Induced Fluorescence (PLIF) and tomography of small vaporising droplets, while the 
velocity and velocity gradient measurements are carried out using Particle Image Velocimetry 
(PIV). Very often these measurements have been carried out in two-dimensions for the 
measurements of FSD15-29, curvature 15,16,21-23,26-28,31-36, strain rate19,21,37 and curvature-stretch 
rate30 (with displacement speed assumed to be equal to laminar burning velocity15,16,20,23,37). As 
these measurements cannot capture the three-dimensional flame propagation and the species and 
velocity fields associated with it, corrections are warranted for obtaining true three-dimensional 
values from two-dimensional measurements. The only three-dimensional measurements of all of 
the relevant quantities were obtained in studies of liquid autocatalytic reaction fronts.38 Recently, 
a few three-dimensional measurements19,33,39 have been carried out where the experimental data 
is obtained from the intersection line of two intersecting planes. Such methods are still very 
expensive and thus two-dimensional measurements will have relevance in the foreseeable future. 
This fact essentially necessitates the estimatation of the correction factors for two-dimensional 
measurements so that experimental data can be used for developing new models and assessing 
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the performance of new models. Recently, Hawkes et al.40 proposed correction factors for two-
dimensional measurements of FSD and the various terms of the FSD transport equation based on 
assumed isotropy of the angle between the normal vectors on the measurement plane and the 
local flame surface, and other simplifications which arose from isotropic assumptions. Hawkes et 
al.40 compared corrected two-dimensional Reynolds averaged data with the corresponding actual 
three-dimensional Reynolds averaged quantities using a detailed chemistry based three-
dimensional DNS data of slot-jet Bunsen flame configuration40,41 and good agreement was 
obtained. However, because of the large simulation cost of those simulations, only a limited 
parametric range was studied, and so the validity of the assumption related to isotropy in relation 
to turbulent Reynolds number tRe  and global Lewis number DLe T /  is yet to be assessed 
(where T  and D  are the thermal diffusivity and mass diffusivity respectively). In the present 
study, the above issues are assessed using a three-dimensional compressible DNS database with 
simplified chemistry with reasonable variations of heat release parameter, 00 /)( TTTad  , 
tRe  and Le , where adT  and 0T   are the adiabatic flame temperature and unburned gas 
temperature respectively. In real combustion situations it is difficult to assign a single Lewis 
number to characterise the whole combustion process but in several previous analytical42,43 and 
DNS12,44-48 studies a global Lewis number was used to study the effects of differential molecular 
transport of heat and mass in isolation and the same procedure has been followed here. 
Moreover, the effects of flame normal acceleration are typically relatively strong in flames 
within the corrugated flamelets regime49 where the flame thickness is smaller than the 
Kolmogorov length scale. As a result of this, strong flame normal acceleration may induce strong 
directionality and the assumption of isotropy may be rendered invalid. On the other hand, in the 
thin reaction-zones regime combustion,49 the effects of flame-normal acceleration can be 
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partially masked by turbulent processes as energetic turbulent eddies penetrate into the preheat 
zone due to the flame being thicker than the Kolmogrov length scale, so the assumption of 
isotropy may work satisfactorily in the flames belonging to the thin reaction zones regime 
combustion, or indeed in regimes of even higher Ka. In this respect the main objectives of the 
present study are as follows: 
1. To assess the predictive capabilities of the relations derived by Hawkes et al.40 for 
obtaining three-dimensional quantities related to the FSD transport from two-dimensional 
measurements for flames with comparable turbulent Reynolds number representing the 
corrugated flamelets and thin reaction zones regimes of turbulent premixed combustion. 
2. To assess the validity of the assumptions related to isotropy made by Hawkes et al.40 in 
response to the variations of heat release parameter  , turbulent Reynolds number tRe  
and global Lewis number Le . 
The rest of the paper is organised as follows. The necessary mathematical background will be 
provided in the next section of this paper. This will be followed by a brief description of 
numerical implementation. Following this, results will be presented and subsequently discussed. 
Finally the main findings will be summarised and conclusions will be drawn. 
 
II. MATHEMATICAL BACKGROUD 
Ideally combustion DNS studies should be carried out in three-dimensions with detailed 
chemistry. Until recently most combustion DNS studies have been carried out either in two-
dimensions with detailed chemistry or in three-dimensions with simplified chemistry due to the 
limitation of computational effort and data storage capacity. Although advances in computational 
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capacity have recently enabled three-dimensional detailed chemistry based DNS, they still 
remain very expensive (millions of computational hours per run as indicated by Chen et al. 50), 
and therefore prohibitive for extensive parametric variations as carried out in this paper. For the 
present paper, simplified chemistry based three-dimensional compressible DNS databases have 
been considered where the reaction mechanism is accounted for by a single step Arrhenius-type 
chemical reaction. In the context of simplified chemistry, a reaction progress variable c  can be 
defined in terms of the reaction mass fraction RY  so that it increases monotonically from zero in 
unburned gases to unity in fully burned products.   
 
Relations between the two-dimensional measured values and three-dimensional reality will now 
be presented following Hawkes et al.40 Various assumptions will be invoked while deriving these 
relations. Isotropy of the scalar and flow fields provides a sufficient condition to meet these 
assumptions, but it is not a necessary one, and some of the relationships are more general than 
complete isotropy. It is further assumed here that the measurement plane contains the basic 
geometry of the mean flow field, and that the out-of plane direction is statistically homogeneous, 
i.e. there are no gradients of mean quantities in that direction – e.g. a vertical slice through the 
middle of a jet flame. 
 
The geometrical framework behind the relations between the three-dimensional quantities 
and their two-dimensional counterparts 
The actual generalised FSD in three-dimensions gen  is defined in the following manner (Ref. 4): 
                                                     cDgen  33  ,                                                         (1) 
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where c3  is a generalised fine-grained surface density function, and the overbar signifies a 
Reynolds averaging operation. In this paper gen  represents the actual FSD in three-dimensions 
(i.e. 33  genD ). The transport equation of the generalised FSD is given by (Ref. 51): 
              i
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where jijiijT xuNNa  /)(  is the tangential strain rate, cxcN ii  //   and iu  are the 
ith component of flame normal and velocity vectors respectively, cDtDcSd  /)/(  is the 
displacement speed, 2/)(2/. 21   Nm

 is the local flame curvature with 1  and 2  
being the principal curvatures of the flame surface and ccQQ s  /)(  is the surface averaged 
value of a general variable Q .1-4,9-16The physical significances of the various terms of the FSD 
transport equation are as follows. The two terms on left hand side on eq. 2 signify the effects of 
unsteadiness and mean advection whereas the first two terms on the right hand side denote the 
contributions of stretch rate induced by tangential strain rate and curvature respectively. The last 
term on right hand side arises due to propagation of premixed flames in the flame normal 
direction. The terms on the right hand side of eq. 2 are commonly referred to as the tangential 
strain rate, curvature and propagation terms, respectively.9-16 In the subsequent discussion, the 
relations between two-dimensional measurements of these quantities and their actual three-
dimensional values will be considered. In order to do so, Fig. 1 will be considered, where the 
copper coloured surface in Fig. 1a represents the flame surface whereas the measurement plane 
and tangent plane passing through point P are shown in blue and grey colours respectively. The 
angles and co-ordinate systems which will be used for the following analysis are shown in Fig. 
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1b without the obstruction due to the flame surface. The laboratory co-ordinate is shown by the 
orthogonal system b

 where 21 bb   plane represents the measurement plane and the out of plane 
direction is given by 3b . In Fig. 1b, distances along 1b  and 2b  axes are shown by 1by and 2by  
respectively.  The measured two-dimensional FSD is given by: 
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where 2  is given by: 
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The quantities 2  and 3  are related by: 
                                                               cos32   ,                                                                 (3c) 
where   is the angle between the measurement plane and flame normal vector. The surface 
averaging operation in two-dimensions is given by: 
                                                      Ds QQ 222 /)(   .                                                            (3d) 
Using eqs. 3c and d one obtains: 
                                                    sgensDD )(cos)(cos32                                          (3e) 
The above correction of two-dimensional FSD also applies to the temporal rate of change term 
and to the mean convective terms of the FSD transport equation if the out of plane convection is 
neglected (which is usually possible in the typical experimental situations such as jet flames, 
expanding spherical flames, rod-stabilised V-flames, etc).40 An isotropic distribution of   is 
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obtained if the probability of finding an angle   within the differential change of angle d  is 
assumed to be proportional to the area swept on the unit ball defining all possible orientations of 
flame normal vector N

. Under this situation the surface area weighted probability density 
function (pdf) of   can be assumed as (Ref. 40): 
                                                             2/cos)(  P  ,                                                          (3f) 
which yields: 
                                                
4
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Equation 3g can be used in eq. 3e to yield: 
                                                     )/4(23 DDgen                                                        (4) 
The unit vectors in the tangential directions 1t

 and 2t

 according to orthogonal system in Fig. 1 
can be defined as: 
                                                   
3
3
1
bN
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   .                                              (5) 
The unit vector 1t

 runs along the intersection of tangent and measurement planes.  
 
Relation between the three-dimensional tangential strain rate term and its two-dimensional 
projection 
According to eq. 5 the tangential strain rates in three and two dimensions (i.e. Ta  and DTa 2 ) are 
given by: 
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where 
1t
u and 
2t
u  are velocity components along in the tangential directions 1t

 and 2t

  
respectively and 
1t
x and 
2t
x are the coordinates in the tangential directions 1t

 and 2t

  respectively. 
This gives rise to: 
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If 
21
/ tt xu  and 12 / tt xu   are considered to be statistically identical and   is considered to be 
statistically independent of other variables (isotropy of the flow and scalar fields is a sufficient 
but not necessary condition for these assumptions), one obtains: 
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This gives rise to: 
                                                 DsDTgensT aa 222 )(
8)(    .                                                  (6d) 
 
Relation between the three-dimensional propagation term and its two-dimensional 
projection 
It is assumed here that two-dimensional measurement of displacement speed is estimated based 
on simultaneous PLIF and PIV measurement so that flame movement can be separated from 
background fluid movement. Moreover, if the out of plane velocity is negligible or if the two-
dimensional displacement speed statistics are conditioned upon negligible out-of-plane fluid 
velocity, the observed two-dimensional displacement speed DdS 2   can be expressed as:  
                                                      cos/2 dDd SS   .                                                               (6e) 
This essentially suggests that: 
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Similarly one can write: 
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The relations given by eqs. 6f and 6g are exact relations and are independent of the assumption 
of isotropy.  
 
Using the above relations, the quantity gensid NS )(  can be written in the following manner if dS  
and iN  are assumed to be uncorrelated following the DNS-based evidence (Ref. 9): 
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where 2//  ii xcM   (with 1i  and 2) is the flame normal vector in two-dimensional 
projection. Using eq. 6f and 4 one obtains: 
                                               DsisDdgensid MSNS 2222 )()(4
)(    .                                           (7b) 
The propagation term in two-dimensions can be measured in the following manner if the 
measurement plane contains the mean direction of flame propagation (i.e. say 1m  direction): 
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Similarly one can write the three-dimensional propagation term as: 
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Considering statistical homogeneity in the directions transverse to the flame propagation it may 
be possible to assume: 
                                       0
)()()()(
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where 2m  and 3m  are mutually perpendicular directions normal to the 1m  direction and the 
coordinates along 1m , 2m  and 3m  directions are given by 1mx , 2mx and 3mx  respectively.  
Similarly, 
1m
M , 
2m
M  and 3mM  are components of flame-normal vector in two-dimensions in 1m
, 2m  and 3m  directions. This leads to the following expression: 
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Based on eqs. 7b and 8b one obtains the following correction relation for the FSD propagation 
term: 
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Relation between the three-dimensional curvature term and its two-dimensional projection 
If 3h  denotes the height of the point P above the tangent plane (see Fig. 1a) it can be shown that 
40,51: 
                                                    222
2
113 2
1
2
1
ee yyh    ,                                                        (9a) 
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where 1ey  and 2ey  denote distances in principal directions 1e  and 2e  corresponding to the 
principal curvatures (i.e. 1  and 2 ) of the curvature tensor in the tangent plane at P. Based on 
Fig. 1 one finds: 
                                                            32 cos hh   ,                                                            (9b) 
where 2h  is the measured height above the tangent 1t  in the two-dimensional plane. If   is the 
angle between 1t  and 1e  directions, the distances 1ey  and 2ey   in the e

 reference frame are 
given by: 
                           sincos 211 tte yyy    and   cossin 212 tte yyy   ,                      (9c) 
where 1ty  and 2ty  are distances in the t

 reference frame. Accordingly the two-dimensional 
curvature is given by: 
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Equations 9a-d can be used to obtain: 
                                               22212 sincoscos2 k  .                                              (9e) 
Assuming isotropic distributions of   and   one obtains:  
                              genssDsk  ])(sin)(cos[)(2 2212222   .                                      (9f) 
One obtains 2/1sincos 22   , if the angle   is assumed to be distributed uniformly 
between 0 and 2 . This gives rise to: 
                                gensmgenssDsk  )(])()([5.0)(2 21222   .                                (9g) 
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Using eq. 4 one obtains: 
                                                       22 )(2/)( ssm k   .                                                        (9h) 
Using eq. 9e the curvature-term in two-dimensions is given by: 
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Using statistical independence of   and   with respect to other quantities, one obtains: 
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Using )(P  given by eq. 3f, one obtains 2/)cos/1(  s  and this along with 
2/1sincos 22    (considering the uniform distribution of  under the isotropic assumption) 
gives rise to: 
                            gensmdddDsDd SSSkS  )(24)(4)(2 32312222 
 .                    (10c) 
This provides the following correction to the curvature term measured in two-dimensions in 
order to obtain the curvature term in three-dimensions: 
                                              DsDdgensmd kSS 2222 )(2
4)(2    .                                       (10d) 
The relations between the two-dimensional and three-dimensional quantities relevant to the FSD 
transport are summarised in Table I for quick reference of the readers. The predictive capabilities 
of these expressions will be assessed based on the FSD transport related quantities extracted 
from DNS data in Section IV of this paper. 
 
III. NUMERICAL IMPLEMENTATION 
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In the present study a DNS database of freely propagating statistically planar turbulent premixed 
flames under decaying turbulence has been considered. The simulation domain is taken to be a 
rectangular parallelepiped for all the simulations where the 1x -direction is taken to be the 
direction of mean flame propagation, whereas the other directions are considered to be periodic. 
The domain boundaries in the 1x -direction in case A are taken to be turbulent inlet and outlet 
respectively. The domain boundaries in the direction of mean flame propagation in other cases 
are taken to be partially non-reflecting. The partially non-reflecting boundaries are specified 
using the Navier Stokes Characteristic Boundary Condition (NSCBC) technique.52 In case A, the 
spatial differentiation in the 1x -direction is carried out using the 6
th order central difference 
scheme for the internal grid points but the order of the differentiation gradually deceases to one-
sided 4th order difference scheme whereas the differentiation in the transverse directions are 
carried out using a spectral method. For the other cases, a 10th order central-difference schemes 
is used for spatial discretisation for internal points which gradually decreases to a one-sided 2nd 
order scheme near non-periodic boundaries. The time advancement for all viscous and diffusive 
terms in case A is carried out using an implicit solver, whereas the convection terms in case A 
and all the terms in all other cases are time advanced using a low-storage third order Runge-
Kutta method.53 For all cases, the flame is initialised by a steady unstrained planar laminar flame 
solution, and the initial velocity fluctuation field is specified by an initially homogeneous 
isotropic turbulence using a pseudo-spectral method.54 The grid spacing is determined by the 
resolution of the flame structure, and about 10 grid points are kept within the thermal flame 
thickness 
Ladth
TMaxTT ˆ/)( 0   for all cases considered here where adT , 0T  and Tˆ  are the 
adiabatic flame temperature, unburned gas temperature and instantaneous gas temperature, 
respectively, and the subscript L refers to unstrained planar laminar flame quantities. The initial 
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values for the root-mean-square (rms) turbulent velocity fluctuation normalised by unstrained 
planar laminar burning velocity LSu /  and the integral length scale to flame thickness ratio 
thl /  are presented in Table II along with the values of Damköhler number thL uSlDa  /. , 
Karlovitz number 2/12/3 )/()/(  thL lSuKa  , turbulent Reynolds number 00 /Re  lut  , heat 
release parameter 00 /)( TTTad   and Lewis number Le . Standard values are taken for Prandtl 
number Pr , ratio of specific heats VP CC /  and the Zel’dovich number 20 /)( adadac TTTT   
(i.e. 7.0Pr  , 4.1 , 0.6 ). It can be seen from Table II turbulent Reynolds numbers are 
comparable for cases A-G and I.  Case A represents the corrugated flamelets regime combustion 
whereas other cases represent the thin reaction zones regime combustion.49 The values of heat 
release parameters are different for cases A, B and C-L.   Cases C-E and G represent combustion 
with non-unity Lewis number and in other cases characteristic Lewis number is taken to be unity. 
Five different values of Lewis number (i.e. Le= 0.34, 0.6, 0.8, 1.0 and 1.2 in cases C-G) have 
been considered here because some expressions relating the two-dimensional and three-
dimensional FSD related quantities may work for all values of Lewis number, but other relations 
may perform satisfactorily only for Lewis numbers close to unity. The turbulent Reynolds 
number tRe  scales as 
22~Re KaDat , and thus the variation of turbulent Reynolds number in 
cases H-L is brought about by modifying the Damköhler and Karlovitz numbers independently 
of each other. In cases H, J and L the Damköhler number Da  is held constant while the 
Karlovitz number Ka  is held constant in cases I, J and K.  Therefore, cases H-L are presented 
here to assesses the performance of the expressions relating the two-dimensional and three-
dimensional quantities (eqs. 4, 6d, 7b, 8c and 10d) for different values of turbulent Reynolds 
number, irrespective of whether the change in tRe  is brought about by changing Da  or Ka . 
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In all cases flame-turbulence interaction takes place under decaying turbulence. Under decaying 
turbulence, simulations should be carried out for at least , where  is 
the initial eddy turn over time and Lthc St /  is the chemical time scale. The simulation in case 
A was run for about 4 initial eddy turn over times , whereas simulations 
were run for a time equal to ft0.2  in case K; ft0.3  in cases B-H, J, and L; and ft34.4 for case I. 
The aforementioned simulation times remain either greater than (cases A) or equal to (cases B-L) 
one chemical time scale and are comparable to several previous studies.4,9-11,14,44-48,55-58 The 
turbulent kinetic energy and its dissipation rate in the unburned gas ahead of the flame were not 
varying significantly with time when statistics were extracted and the qualitative nature of the 
statistics was found to have remained unchanged since ult  /5.1  for all cases. The values of 
 in the fresh reactants ahead of the flame at the time when statistics were extracted 
decreased by about 52% , 50%, 45%, 55% , 40%, 25% and 32%  of the initial values in cases A, 
B-G, H, I, J, K and L, respectively.  The values of  have increased from their initial values 
by a factor of about 1.10, 1.7, 1.5-2.25 for cases A, B-G and H-L, respectively, but there are still 
enough turbulent eddies on each side of the computational domain. 
 
The Reynolds/Favre averaged quantities are taken to be functions of the distance along the 
direction of mean flame propagation (  direction), and are evaluated by ensemble averaging the 
relevant quantities in transverse directions (  planes). The statistical convergence of the 
Reynolds/Favre averaged quantities was assessed by comparing the corresponding values 
obtained using half of the sample size in the transverse directions using a distinct half of the 
),( cfsim ttMaxt  ult f  /
)/44~( ult fsim 
LSu /
thl /
1x
32 xx 
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domain, with those obtained based on the full sample size. Both the qualitative and quantitative 
agreements between these sets of values were found to be satisfactory. In the next section, for the 
sake of brevity, only the results obtained based on full sample size will be presented.  
 
IV. RESULTS & DISCUSSION 
The relations between the two-dimensional and the corresponding three-dimensional quantities 
discussed in Section II will be assessed based on the analysis of DNS data in this section where 
both the two-dimensional and three-dimensional quantities are extracted from DNS database.  In 
the present analysis all the relevant two-dimensional quantities were evaluated on every 21 xx   
and 31 xx   plane so that the direction of mean flame propagation lies on the measurement plane. 
For statistically planar turbulent premixed flames the Favre-averaged reaction progress variable 
c~  remains a unique function of the spatial co-ordinate 1x  thus all the statistics in this section 
will be presented as a function of c~ .   
 
Behaviours of gen  and D2   
The variations of gen , D2  and D2/4   with c~  for cases A, B, C, and E-G are shown in 
Figs. 2a-f, respectively. The case D is not explicitly shown in Fig. 2 due to its qualitative 
similarity to other cases. It can be seen from Figs. 2a-f that the qualitative behaviours of gen  and 
D2  remain similar for all the cases. In all cases the maximum values of gen  and D2  are 
obtained slightly towards the unburned gas side of the middle of the flame brush (i.e. 5.0~ c ).  
Comparing Figs. 2c-f reveals that the maximum values of gen  and D2  decrease with 
decreasing value of global Lewis number.  The extent of flame wrinkling increases with 
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decreasing Lewis number especially for sub-unity Lewis numbers because of thermo-diffusive 
instabilities42-48, which leads to higher extent of broadening of flame brush with decreasing 
Lewis number. 
 
Comparing Figs. 2b and e reveals that the change in heat release parameter   from 3.0 to 4.5 
does not have any major influence on the maximum values of gen  and D2   when LSu /  
remains unchanged. Figure 2 also indicates that the maximum values of gen  and D2   for cases 
B-G are greater than in case A because the greater extent of flame wrinkling in cases B-G 
overcomes the broadening of flame brush thickness. However, it can be seen from Figs. 2a-f that 
the qualitative and quantitative agreement between gen  and D2)/4(    are excellent in all 
cases, which essentially indicates that the assumption of isotropic distribution of    and its 
presumed surface area weighted pdf )(P , as given by eq. 3f, remain valid for flames 
representing the corrugated flamelets and thin reaction zones regimes of turbulent premixed 
combustion for a large range of global Lewis number Le .  Moreover, the heat release parameter 
  does not seem to have any influence on the assumption of isotropy of   and its presumed 
surface area weighted pdf )(P  (eq. 3f). 
 
Variations of gen , D2  and D2/4   with c~  for cases H, J and L are shown in Figs. 3a-c, 
respectively (cases I and K are not shown here because of their qualitative similarities to cases H 
and L, respectively). Figures 3a-c indicate that the maximum values of gen  and D2  decrease 
slightly with increasing turbulent Reynolds number because the broadening of flame brush 
overcomes the greater extent of flame wrinkling at high values of LSu / . It can further be seen 
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from Figs. 3a-c that D2  mimics the qualitative variation of gen  for all the cases and the 
qualitative and quantitative agreement between gen  and D2)/4(   are excellent for these 
cases. This essentially substantiates that the assumption of isotropic distribution of   and its 
presumed surface-area weighted pdf )(P  given by eq. 3f are not significantly affected by the 
variations of turbulent Reynolds number in the range of tRe  considered in this study. It is 
expected that the isotropy assumption would improve at higher Reynolds number, which 
presumably covers many typical premixed combustion experiments.  
 
Behaviours of gensTa )(  and DsDTa 222 )(    
The variations of gensTa )(  , DsDTa 222 )(   and DsDTa 222 )()/8(  with c~  for cases A, B, C, E-
G are shown Figs. 4a-f respectively. The same quantities for cases H, J and L are shown in Figs. 
5a-c respectively. The cases D, I and K are not explicitly shown in Figs. 4 and 5 due to their 
qualitative similarities of the variations of gensTa )(  , DsDTa 222 )(   and DsDTa 222 )()/8(   in 
cases C, H and L, respectively. It is evident that the tangential strain rate term gensTa )(  remains 
positive throughout the flame brush for all cases, which is consistent with several previous 
studies.1-3,5,6,10-14 It can be seen from Figs. 4 and 5 that  DsDTa 222 )(   remains qualitatively similar 
to, but smaller than, gensTa )(  throughout the flame brush. Figures 4 and 5 suggest that eq. 6d 
significantly underpredicts the magnitude of gensTa )(  for cases A and C-J but the agreement 
between the prediction of eq. 6d and the three-dimensional tangential strain rate term is 
satisfactory for cases B, K and L.  This clearly indicates that the relation given by eq. 6d works 
well for higher values of turbulent Reynolds number tRe  and this agreement deteriorates with 
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decreasing tRe  (see Figs. 5a-e).  It can be seen from Figs. 4c-f that the performance of eq. 6d 
also deteriorates with decreasing Lewis number. A comparison between Figs. 4a and b reveals 
that the level of disagreement between DsDTa 222 )()/8(   and gensTa )(  is greater for the 
flame representing the corrugated flamelets regime (case A) than in the flame with comparable 
values of turbulent Reynolds number and heat release parameter representing the thin reaction 
zones regime combustion (i.e. case B). It can be seen by comparing Figs. 4b and f that eq. 6d 
almost accurately captures the quantitative behaviour of gensTa )(   for case B (i.e. 
DsDTa 222 )()/8(   slightly overpredicts gensTa )(  towards the unburned gas side of the flame 
brush) whereas eq. 6d underpredicts  gensTa )(  in case F. This essentially suggests that eq. 6d 
starts to work better at smaller values of turbulent Reynolds number for flames with small values 
of heat release parameter  .  
 
The reason for the difference between DsDTa 222 )()/8(   and  gensTa )(  can be explained in 
the following manner. It was assumed that cos  is independent of Ta  while deriving eq. 6d. 
However, this might not be true for the cases where effects of heat release are dominant. The 
scalar gradient aligns preferentially with the most compressive strain rate for usual passive scalar 
mixing whereas in turbulent premixed flames the alignment of reaction progress variable 
gradient c  depends on the competition between the strain rate chema  induced by chemical heat 
release and turbulent straining turba . 
59-61 It has been shown that c  preferentially aligns with the 
most extensive (compressive) principal strain rate when chema  ( turba ) dominates over turba  ( chema
).59-61 It has been shown by Chakraborty and Swaminathan59 and Chakraborty et al.61 the ratio 
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turbchem aa /  can be scaled as KaLefDaLefaa tturbchem /Re)(~)(~/
2/1   where )(Lef  is a 
function of Lewis number which increases with decreasing Le .  This essentially suggests that the 
effects of chema  strengthen with decreasing Lewis number Le  and with increasing values of heat 
release parameter   and Damköhler number Da . Alternatively, it can be said that the effects of 
chema  strengthen with increasing 
22~Re KaDat  when Ka  is held constant. On the other hand 
turba  dominates over the effects of chema for large values of Ka  when tRe   is held constant. The 
alignment of c  with local principal strain rate affects the statistics of tangential strain rate 
which can be elucidated by writing the tangential strain rate jijiijT xuNNa  /)( in the 
following manner: 
    )cos1()cos1()cos1(// 222    eeexuNNxua jijijjT  ,      (11a) 
where  ee ,  and e  are the most extensive, intermediate and most compressive principal strain 
rates respectively and angles  ,   and   are the angles between c  and the principal 
directions corresponding to  ee ,  and e  respectively. It is reasonable to assume that the 
principal direction corresponding to e  aligns with the mean direction of flame propagation (i.e. 
1x  direction) for small values of LSu /  where the flame is weakly wrinkled under turbulence.  
Under this condition, cos   can be estimated as:  
                                                        coscos 1M  ,                                                            (11b) 
where 1M  is the component of the apparent flame-normal on the measurement plane in the 
direction of mean flame propagation. Equation 11b demonstrates that Ta  cannot be taken 
independent of cos  when the direction cosines corresponding to the principal direction with 
which c  preferentially aligns becomes a function of the angle   and this situation is prevalent 
23 
 
when c  aligns with the most extensive principal strain rate. Under this situation the 
approximation ssTsT aa )(cos)()cos(    used in eq. 6c is rendered invalid and thus eq. 6d 
cannot be taken to relate DsDTa 222 )(   with the actual three-dimensional tangential strain rate 
term gensTa )( . The angle   is expected to be randomly orientated with respect to the angle   
when c  aligns with the most compressive principal strain rate and under this condition the 
approximation  ssTsT aa )(cos)()cos(    is expected to be valid and thus eq. 6d is likely to 
relate the quantities gensTa )(  and DsDTa 222 )(   in a satisfactory manner. The above explanations 
can be substantiated from the observations made from Figs. 4 and 5. In cases A and C-E, the 
reaction progress variable gradient c  aligns predominantly with e  (Refs. 59, 61) and thus the 
relation given by eq. 6d does not work well in these cases. However, the extent of c  alignment 
with e  decreases with increasing Lewis number and thus the difference between 
DsDTa 222 )()/8(   and  gensTa )(   decreases from case C to case G (see Figs. 4c-f). The extent 
of c  alignment with e  in case F is greater than in case B due to greater value of   in case F 
and thus eq. 6d underpredicts the magnitude of gensTa )(   in case F whereas predicts the 
magnitude of gensTa )(   satisfactorily in case B. Although cases A and B have comparable   
and tRe , the value of Da  is much greater in case A than in case B, which gives rise significantly 
greater extent of c  alignment with e  in case A than in case B. As a result of this, eq. 6d does 
not work well in case A but works satisfactorily in case B. For high values of 
2/14/1Re~/ KaSu tL , the flame becomes highly wrinkled as a result the relation between cos  
and cos  can no longer be correlated by eq. 11b (i.e. the e  direction may not coincide with the 
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mean direction of flame propagation) and this essentially is reflected in the weak correlation 
between cos  and cos  for high values of tRe  and Ka . As a result of this, the relation given 
by eq. 6d works well for higher values of tRe  and Ka  irrespective of Damköhler number 
because sTa )cos(   can be accurately approximated by ssTa )(cos)(   when Ta  and cos  are 
uncorrelated with other. This can be substantiated by comparing Figs. 5a-c for cases H, J and L, 
which show that eq. 6d works well for the cases with high values of turbulent Reynolds number 
tRe .  
 
Behaviours of the two-dimensional and three-dimensional propagation terms ( DP2  and DP3  
) 
In the context of statistically planar flames with mean direction of flame propagation aligned 
with 1x -direction, the propagation term in two-dimensions and three-dimensions take the forms 
122122 /])()[( xMS DssDd   and  11 /])[( xNS gensd   respectively. This essentially indicates 
that the interrelation between DssDd MS 22122 )()(   and gensd NS )( 1  is the key for linking DP2  
with DP3 . The variations of DssDd MS 22122 )()(   and gensd NS )( 1 with c~  for cases A-C, E, G, I-
K are shown in Figs. 6a-h, respectively. The cases D, F, H, and L are not shown because of their 
qualitative similarities with cases C, J, I and K, respectively. In all cases DssDd MS 22122 )()(   
overpredicts the magnitude of gensd NS )( 1  in spite of capturing the correct qualitative 
behaviour. It can be seen from Figs. 6a-h that the correction given by eq. 7b (i.e. gensd NS )( 1  = 
DssDd MS 22122 )()(4/  ) satisfactorily predicts gensd NS )( 1  for all the cases considered here. 
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The relation given by eq. 7b relies on the relation between gen  and D2   (i.e. eq. 6d). The 
relation between gen  and D2  according to eq. 6d is based on that the assumption of isotropic 
distribution of    and its presumed surface area weighted pdf )(P  , as given by eq. 3f. It has 
been shown in Figs. 2 and 3 that these assumptions remain valid for all the flames considered 
here.  As a result of this eq. 7b also satisfactorily relates DssDd MS 22122 )()(   and gensd NS )( 1  
for all the cases considered in this study.  
 
Behaviours of the two-dimensional and three-dimensional curvature terms 
The variations of   sm )(   and 22 )( sk  with c~  for cases A-C, E, G, I-K are shown in Figs. 7a-h 
respectively. The cases D, F, H and L are not shown for their qualitative similarities with cases 
C, J, I and K respectively.  It can be seen that both   sm )(   and 22 )( sk  remain positive towards 
the unburned gas side and before assuming negative values towards the burned gas side of the 
flame brush. Although  22 )( sk  captures the qualitative behaviour of  sm )(   it underpredicts the 
magnitude of sm )(  . It is clear from Fig. 7 that 22 )(2/ sk  predicts sm )(   accurately for all 
the cases considered here (according to eq. 9h), which essentially suggests that the assumptions 
of isotropy of  the distributions of the angles   and   and the pdf )(P , as given by eq. 3f,  
remain approximately valid for all the cases irrespective the values of  , Le , tRe  and regime of 
combustion.  
 
The variations of two-dimensional and three-dimensional FSD curvature terms (i.e. 
DsDd kS 2222 )(2   and gensmdS )(2  ) with c~  for cases A, B, C, E-G are shown Figs. 8a-f 
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respectively. These variations for cases H, J and L are shown in Figs. 9a-c respectively. The 
cases D, I and K are not explicitly shown in Figs. 8 and 9 due to their qualitative similarities to 
cases C, H and L, respectively. For all cases, DsDd kS 2222 )(2  captures the qualitative behaviour 
of gensmdS )(2   but underpredicts its magnitude. It can be seen from Figs. 8c-f that the 
curvature term in both two- and three-dimensions assumes positive values towards the unburned 
gas side of the flame brush before becoming negative towards the burned gas side for the flames 
with low Lewis number (i.e. cases C and E). However, the magnitude of positive (negative) 
contribution of the curvature term decreases (increases) with increasing Lewis number Le  (see 
Figs. 8c-f).  Comparing Figs. 8b and e it is evident that   does not have any major effect on the 
qualitative behaviour of the FSD curvature term gensmdS )(2   for the unity Lewis number 
flames (i.e. cases B and F). Figures 9a-c show that the curvature term gensmdS )(2   remains 
principally negative for the different values of turbulent Reynolds number for the unity Lewis 
number flames (i.e. cases H, J and L) although weak positive values have been observed towards 
the unburned gas side of the flame brush for cases H and I.  
 
It can be seen from Figs. 8 and 9 that DsDd kS 2222 )(2)/4(   underpredicts the magnitude of 
the FSD curvature term for low and moderate turbulent Reynolds number cases with Lewis 
number close to unity (e.g. cases A,B, E-G and H-J).  However, eq. 10d predicts the three-
dimensional FSD curvature term satisfactorily for the flames in the thin reaction zones regime 
flames with high turbulent Reynolds number (e.g. cases K and L) or with Lewis number much 
smaller than unity (e.g. cases C and D). This suggests that the relation given by eq. 10d starts to 
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work satisfactorily for smaller values of turbulent Reynolds number when the flames represent 
the thin reaction zones regime combustion with Lewis number significantly smaller than unity.  
 
It was assumed while deriving eq. 10d that angles   and   are uncorrelated with each other and 
independent of other quantities. However, this essentially indicates that the correlations between 
DdS 2  and 2k  and between 2  and 2k  are identical to the correlations between dS  and m  and 
between 3  and m .  The correlation coefficients between dS  and m ( DdS 2  and 2k ) and 
between 3  and m ( 2  and 2k ) for different c  isosurfaces across the flame brush are presented 
in Table III (Table IV). It can be seen from Tables III and IV that dS  and m  are negatively 
correlated for all the flames throughout the flame brush but the correlation coefficients between 
dS  and m   are significantly different from the correlation coefficients between DdS 2  and 2k . 
However, the correlation between dS  and m  becomes weak for small Le  flames for a given set 
of values of tRe , Da  and Ka  (see cases C-G). Moreover, this correlation weakens with 
increasing tRe  when either Da  or Ka  is held constant for a given value of Le  (see cases H-L). 
The curvature dependence of dS   in the flame (i.e. case A) representing the corrugated flamelets 
regime remains weaker than in the flames representing the thin reaction zones regime 
combustion at comparable values of turbulent Reynolds number (i.e. cases B and F), which is 
consistent with the scaling analysis of Peters49 and previous DNS results.62 It can be seen from 
Tables III and IV that the correlation coefficients between 3  and m  is different from the 
correlation coefficients between 2  and 2k . In the 2.1Le  flame (i.e. case G), 3  and m  are 
negatively correlated whereas this correlation is positive for the flames with 1Le  (i.e. cases C-
E) and in case A (i.e. the case representing the corrugated flamelets regime combustion). For all 
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the 0.1Le  thin reaction zones regime flames (i.e. cases B, F, H-I) 3  and m   remain weakly 
correlated with each other whereas the correlation between 3  and m   remain strongly positive 
in the unity Lewis number flame representing the corrugated flamelets regime (i.e. case A). From 
the above discussion it is evident that negative correlation between dS  and m  is partially 
nullified by the positive correlation between 3  and m  for the 1Le  flames (i.e. case C-E), 
whereas the negative mdS   correlation is aided by the negative m3  correlation in the 
1Le  case (i.e. case G). As correlation coefficients between DdS 2  and 2k  ( 2  and 2k ) are 
different from those between dS  and m  ( 3  and m )  the relation between DsDd kS 2222 )(2   and 
gensmdS )(2   cannot be just accounted for by a constant multiplier as suggested by eq. 10d for 
the cases where the effects of the  correlations between dS  and m  and between 3  and m  are 
relatively strong. As a result of this, DsDd kS 2222 )(2)/4(   underpredicts the magnitude of the 
FSD curvature term for low and moderate turbulent Reynolds number cases with Lewis number 
close to unity (i.e. cases A, B, E-G, H-J).  As the correlation between dS  and m  are relatively 
weak in cases C, D, K and L, the difference between the mdS   and 22 kS Dd   correlations 
does not play any major role and thus eq. 10d satisfactorily relates the FSD curvature terms in 
two and three dimensions (i.e. DsDd kS 2222 )(2   and gensmdS )(2  ).  This essentially suggests 
that the success of the relation given by eq. 10d will be dependent on the values of turbulent 
Reynolds number, global Lewis number and the regime of the prevailing combustion process.  
 
V. CONCLUSIONS 
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The predictions of the relations between two-dimensional projections of the different terms of 
the Reynolds averaged FSD transport equation and their corresponding actual three-dimensional 
counterparts derived based on isotropy assumptions by Hawkes et al.40 are assessed using three-
dimensional compressible DNS data of freely propagating statistically planar turbulent premixed 
flames under decaying turbulence with wide variations of Karlovitz number Ka , Lewis number 
Le , heat release parameter   and turbulent Reynolds number tRe . The main findings are 
summarised below: 
 Based on the assumption of the isotropy of the angle between the normal vectors on the local 
flame surface and the measurement plane (Ref. 40), a simple algebraic relation (i.e. eq. 4) is 
derived which satisfactorily relates the generalised FSDs evaluated in two and three 
dimensions (i.e. D2  and genD 3 ) irrespective of the values of LeKa ,, and tRe  (see 
Figs. 2 and 3).  
 The relations between the two-dimensional and three-dimensional counterparts of the surface-
averaged curvature and the FSD propagation term (see eqs. 9h, 7b and 8e, and refer to Figs. 6 
and 7) are also found to work well for all the values of LeKa ,, and tRe  considered in this 
study.  
 The relation (i.e. eq. 6d) between the actual three-dimensional tangential strain rate term in 
the FSD transport equation and its two-dimensional projection, which is derived based on the 
assumption of isotropy, does not work well for small values of turbulent Reynolds number 
tRe . The disagreement between the corrected two-dimensional tangential strain rate term and 
the actual three-dimensional strain rate term increases with increasing value of heat release 
parameter   and decreasing Lewis number Le  for same set of values of turbulent Reynolds, 
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Damköhler and Karlovitz numbers (see Figs. 4 and 5). This suggests that the threshold value 
of tRe  above which the assumption of isotropy is valid for the tangential strain rate term 
depends on the value of   and Le . 
 Moreover, the relation (i.e. eq. 6d) between the tangential strain rate term in the FSD transport 
equation based on two-dimensional projection and its actual value obtained based on isotropy 
performs relative poorly for the flames representing the corrugated flamelets regime of 
combustion. However, the same relation works reasonably well for a thin reaction zones 
regime flame with comparable values of turbulent Reynolds number and heat release 
parameter (see Figs. 4a and b).  
 It has been found that the relation between the two and three dimensional curvature terms 
based on isotropy arguments (i.e. eq. 10d) underpredicts the magnitude of the FSD curvature 
term for low and moderate turbulent Reynolds number cases with Lewis number close to 
unity (see Figs. 8 and 9).  However, the relation given by eq. 10d predicts the three-
dimensional FSD curvature term satisfactory for the thin reaction zones regime flames with 
high turbulent Reynolds number or with Lewis number much smaller than unity (sees Figs. 8 
and 9).  
 
Detailed physical explanations have been provided for the disagreement between the prediction 
of the relations derived based on isotropy argument for both the tangential strain rate and 
curvature terms of the FSD transport equation. These physical arguments suggest that the 
relations between two and three dimensional values derived based on isotropy for the tangential 
strain rate and curvature terms work well for high values of turbulent Reynolds number but the 
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threshold value of tRe  above which the assumption of isotropy yields accurate result depends on 
the values of heat release parameter, Lewis number and the regime of the prevailing combustion 
process.  
 
It is worth noting that the present analysis is carried out for a canonical configuration so that 
effects of  , Le  and tRe  on the performance of  the expressions given by eqs. 4, 6d, 7b, 8e and 
10d, which relate the actual three-dimensional FSD variables with the corresponding two-
dimensional projections, can be assessed based on an extensive parametric study without 
exorbitant computational cost. The relations between two-dimensional and actual three-
dimensional FSD and the terms of its transport equation (see Table I) are derived based on the 
assumption of isotropy which is independent of flow geometry in question. For high values of 
tRe  the turbulent conditions at the molecular scale (e.g. Kolmogorov or Gibson length scale) are 
likely to be isotropic irrespective of the flow configuration and as most chemical reaction occurs 
at the molecular scale, the isotropic relations derived in this paper are likely to work well for real 
burners (at least away from the burner exit) at high values of tRe  especially in the thin reaction 
zones regime where turbulent velocity fluctuations tend to mask the effects of flame normal 
acceleration. It was shown in Ref. 40 that the relations given in Table I work satisfactorily for the 
thin reaction zone regime flames in turbulent Bunsen-burner configuration at high values of tRe .  
However, the present analysis indicates that the threshold value of tRe , above which the 
relations based on the assumption of isotropy are likely to provide accurate results, depends on 
the mixture (which determines    and Le ) but the expressions which relate relevant two-
dimensional quantities with the corresponding three-dimensional counterparts work satisfactorily 
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in the thin reaction zones regime when  tRe  remains of the order of 100 for unity Lewis number 
flames. In real burners tRe  often assumes values much greater than 100, and thus the 
expressions which relate the actual three-dimensional FSD and the terms of its transport equation 
with the corresponding two-dimensional projections can be used to extract the three-dimensional 
information from the two-dimensional measurements, especially for hydrocarbon flames with 
global Lewis number close to unity.   
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TABLES 
Quantity Three-dimensional term Two-dimensional term Correction factor 
Generalised 
FSD 
Dgen 3  D2                /4  
Tangential 
strain rate 
term 
gensTa )(  DsTa 22)(                 /8  
Surface 
averaged 
displacement 
speed 
sdS )(  22 )( sDdS                4/  
Propagation 
term 
i
gensid
x
NS

 )(  
i
gensisDd
x
MS

 222 )()(                4/  
Surface 
averaged 
curvature 
sm )(  22 )( sk                2/  
Curvature 
term 
gensmdS )(2   DsDd kS 2222 )(2                 /4  
 
Table I: The list of correction factors relating two-dimensional and three-dimensional FSD 
related quantities according to theoretical analysis. 
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Case 
(Grid size) 
Regime of 
combustion 
LSu /
 
l /th   Le  Ret  Da  Ka 
A 
(261128128) 
Corrugated 
flamelets 
1.41 9.64 2.3 1.00 56.70 6.84 0.54 
B 
(230 230 230) 
Thin reaction 
zones 
7.50 2.45 3.0 1.00 46.86 0.330 13.12 
C 
(230 230 230) 
Thin reaction 
zones 
7.50 2.45 4.5 0.34 46.86 0.330 13.12 
D 
(230 230 230) 
Thin reaction 
zones 
7.50 2.45 4.5 0.60 46.86 0.330 13.12 
E 
(230 230 230) 
Thin reaction 
zones 
7.50 2.45 4.5 0.80 46.86 0.330 13.12 
F 
(230 230 230) 
Thin reaction 
zones 
7.50 2.45 4.5 1.00 46.86 0.330 13.12 
G 
(230 230 230) 
Thin reaction 
zones 
7.50 2.45 4.5 1.20 46.86 0.330 13.12 
H 
(345  230 230)  
Thin reaction 
zones 
5.00 1.67 4.5 1.00 22.00 0.334 8.67 
I 
(345  230 230)  
Thin reaction 
zones 
6.25 1.44 4.5 1.00 23.50 0.230 13.00 
J 
(345  230 230)  
Thin reaction 
zones 
7.50 2.50 4.5 1.00 47.85 0.334 13.00 
K 
(345  230 230)  
Thin reaction 
zones 
9.00 4.31 4.5 1.00 100.00 0.480 13.00 
L 
(345  230 230)  
Thin reaction 
zones 
11.25 3.75 4.5 1.00 110.00 0.334 19.50 
 
Table II: Simulation parameters corresponding to the DNS database. 
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           Corr. 
    c md
S   m3  
1.0c  
-0.876 (A);-0.883 (B) 
-0.790 (C);-0.817 (D) 
-0.870 (E);-0.880 (F) 
-0.889 (G);-0.910 (H) 
-0.913 (I);-0.882 (J) 
-0.815 (K);-0.843 (L) 
0.765 (A);-0.115 (B) 
0.396 (C);0.170 (D) 
-0.022 (E);-0.148 (F) 
-0.195 (G);-0.118(H) 
-0.088 (I);-0.093 (J) 
-0.060 (K);-0.044 (L) 
3.0c  
-0.890 (A);-0.953 (B) 
-0.785 (C);-0.837 (D) 
-0.939 (E);-0.965 (F) 
-0.950 (G);-0.988 (H) 
-0.989 (I);-0.879 (J) 
-0.933 (K);-0.916 (L) 
0.813 (A);-0.090 (B) 
0.571 (C);0.458 (D) 
0.199 (E);-0.131 (F) 
-0.338 (G);-0.074 (H) 
-0.021 (I);-0.031 (J) 
-0.140 (K);0.033 (L) 
5.0c  
-0.397 (A);-0.945 (B) 
-0.693(C);-0.832 (D) 
-0.937 (E);-0.948 (F) 
-0.921 (G);-0.974 (H) 
-0.975 (I);-0.943 (J) 
-0.844 (K);-0.904 (L) 
0.400 (A);-0.077 (B) 
0.598 (C);0.638 (D) 
0.428 (E);-0.135 (F) 
-0.622 (G);-0.166 (H) 
-0.104 (I);0.021 (J) 
-0.124 (K);0.077 (L) 
7.0c  
-0.744 (A);-0.867 (B) 
-0.455 (C);-0.805 (D) 
-0.866 (E);-0.874 (F) 
-0.840 (G);-0.931 (H) 
-0.933 (I);-0.826 (J) 
-0.730 (K);-0.807 (L) 
0.660 (A);-0.170 (B) 
0.417 (C);0.733 (D) 
0.538 (E);-0.223 (F) 
-0.814 (G);-0.296 (H) 
-0.164 (I);-0.105 (J) 
-0.174 (K);-0.012 (L) 
9.0c  
-0.302 (A);-0.675 (B) 
-0.268 (C);-0.613 (D) 
-0.709 (E);-0.714 (F) 
-0.694 (G);-0.840 (H) 
-0.848 (I);-0.727 (J) 
-0.490 (K);-0.566 (L) 
0.878 (A);-0.331 (B) 
0.698 (C);0.708 (D) 
0.439 (E);-0.402 (F) 
-0.878 (G);-0.481 (H) 
-0.310 (I);-0.300 (J) 
-0.420 (K);-0.183 (L) 
 
Table III: Correlation coefficients for the mdS  , mnr SS  )(  and m3  correlations 
for different c isosurfaces through the flame brush.  
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           Corr. 
    c 22
kS Dd   22 k  
1.0c  
-0.354 (A);-0.603 (B) 
0.393 (C);-0.321 (D) 
-0.597 (E);-0.621 (F) 
-0.638 (G);-0.610 (H) 
-0.628 (I);-0.495 (J) 
-0.353 (K);-0.460 (L) 
0.268 (A);-0.083 (B) 
0.262 (C);0.113 (D) 
-0.014 (E);-0.014 (F) 
-0.014 (G);-0.083 (H) 
-0.061 (I);-0.072 (J) 
-0.03 (K);-0.042 (L) 
3.0c  
-0.490 (A);-0.682 (B) 
0.298 (C);-0.379 (D) 
-0.657 (E);-0.673 (F) 
-0.687 (G);-0.690 (H) 
-0.700 (I);-0.467 (J) 
-0.503 (K);-0.564 (L) 
0.389 (A);-0.068 (B) 
0.350 (C);0.283 (D) 
-0.021 (E);-0.021 (F) 
-0.021 (G);-0.024 (H) 
0.033 (I);0.006 (J) 
-0.076(K);0.023 (L) 
5.0c  
-0.042 (A);-0.652 (B) 
0.233 (C);-0.391 (D) 
-0.660 (E);-0.680 (F) 
-0.696 (G);-0.704 (H) 
-0.700 (I);-0.534 (J) 
-0.450 (K);-0.565 (L) 
-0.189 (A);-0.032 (B) 
0.388 (C);0.376 (D) 
-0.031 (E);-0.031 (F) 
-0.03 (G);-0.038 (H) 
-0.028 (I);-0.004 (J) 
-0.064 (K);  0.034 (L) 
7.0c  
-0.186 (A);-0.626 (B) 
0.055 (C);-0.417 (D) 
-0.649 (E);-0.656 (F) 
-0.659 (G);-0.678 (H) 
-0.675 (I);-0.514 (J) 
-0.431 (K);-0.521 (L) 
-0.033 (A);-0.051 (B) 
0.354 (C);0.420 (D) 
-0.034 (E);-0.034 (F) 
-0.034 (G);-0.044 (H) 
-0.045 (I);-0.052 (J) 
-0.071 (K);-0.010 (L) 
9.0c  
-0.278 (A);-0.506 (B) 
-0.048 (C);-0.352 (D) 
-0.585 (E);-0.570 (F) 
-0.561 (G);-0.625 (H) 
-0.614 (I);-0.517(J) 
-0.333 (K);-0.389 (L) 
0.464 (A);-0.087 (B) 
0.420 (C);0.386 (D) 
-0.029 (E);-0.029 (F) 
-0.029 (G);-0.055 (H) 
-0.071 (I);-0.088 (J) 
-0.140 (K);-0.070 (L) 
 
Table IV: Correlation coefficients for the 22 kS Dd    and  22 k correlations for different 
c isosurfaces through the flame brush.  
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 FIGURE CAPTIONS 
Fig. 1: Coordinates and reference frames used in the analysis. 
Fig. 2: Variations of thgen  , thD 2  and thD   2)/4(  with c~ across the flame brush for 
cases: (a) A, (b) B, (c) C, (d) E, (e) F, (f) G. 
Fig. 3: Variations of thgen  , thD 2  and thD   2)/4(  with c~ across the flame brush for 
cases: (a) H, (b) J, (c) L. 
Fig. 4: Variations of LthgensT Sa /)(
2  , LthDsDT Sa /)( 2222   and  LthDsDT Sa /)(/8 2222    
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E, (e) F, (f) G. 
Fig. 9: Variations of Lthgensmd SS /)(2
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2
2222   with c~  across the flame brush for cases: (a) H, (b) J, (c) L.  
  
Fig. 1: Coordinates and reference frames used in the analysis. 
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Figure 2: Variations of Σgen × δth , Σ2D × δth and (4/π) × Σ2D × δth with
across the flame brush for cases: (a) A, (b) B, (c) C, (d) E, (e) F, (f) G.
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Figure 3: Variations of Σgen × δth, Σ2D × δth and (4/π) × Σ2D × δth with c˜
across the flame brush for cases: (a) H, (b) J, (c) L.
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Figure 4: Variations of (aT )sΣgen×δ2th/SL, (aT2D)s2DΣ2D×δ2th/SL and 8/π×
(aT2D)s2DΣ2D × δ2th/SL with c˜ across the flame brush for cases: (a) A, (b) B,
(c) C, (d) E, (e) F, (f) G.
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Figure 5: Variations of (aT )sΣgen×δ2th/SL, (aT2D)s2DΣ2D×δ2th/SL and 8/π×
(aT2D)s2DΣ2D× δ2th/SL with c˜ across the flame brush for cases : (a) H, (b) J,
(c) L.
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Figure 6: Variations of (SdN1)sΣgen × δth/SL, (Sd2D)s2(M1)s2Σ2D × δth/SL
and π/4×(Sd2D)s2(M1)s2Σ2D×δth/SL with c˜ across the flame brush for cases:
(a) A, (b) B, (c) C, (d) E, (e) G, (f) I, (g) J, (h) K.
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Figure 7: Variations of (κm)s × δth , (k2)s2 × δth and π/2× (k2)s2 × δth with
across the flame brush for cases: (a) A, (b) B, (c) C, (d) E, (e) G, (f) I, (g)
J, (h) K.
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Figure 8: Variations of 2(Sdκm)sΣgen×δ2th/SL , 2(Sd2Dk2)s2Σ2D×δ2th/SL and
(4/π)× 2(Sd2Dk2)s2Σ2D × δ2th/SL with c˜ across the flame brush for cases: (a)
A, (b) B, (c) C, (d) E, (e) F, (f) G.
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Figure 9: Variations of 2(Sdκm)sΣgen×δ2th/SL , 2(Sd2Dk2)s2Σ2D×δ2th/SL and
(4/π)× 2(Sd2Dk2)s2Σ2D × δ2th/SL with c˜ across the flame brush for cases: (a)
H, (b) J, (c) L.
